Electron Spectra from Condensed Matter

Introduction
Electron spectra produced within a solid target irradiated by fast charged particles differ in many respects from spectra obtained from a gas target. Unfortunately, it is very difficult to measure directly the spectrum of internal electrons produced in the solid so this has been done only for a few limited cases. Generally, the spectra of electrons are recorded outside the solid, and they are modified by interactions during migration to the surface as well as by the transmission through the surface. Additional electrons produced in these interactions are included in the observed spectra ( Figure 5 .1).
To analyze the process of secondary electron emission from solids, the sequence of events is divided into three stages: 1) production of internal secondaries as a result of the interaction between the primary (incident) particle and the target electrons and atoms, 2) the migration of the liberated electrons to the surface, and 3) their escape through the surface into vacuum. These three stages are shown schematically in Figure 5 .1. This is a simplified picture since the secondary electron is shown as continuing its motion through the solid along a straight line without any further collisions, and the incident particle makes only a single collision. In the case of incident electrons, it is not possible to distinguish between secondaries or primaries in the spectra obtained outside the solid. A large fraction of the electrons in the spectra are primary electrons which have been deflected or slowed down inside the target. Generally, a reflected or transmitted electron undergoes. so many collisions that it is impossible to distinguish between stages 1 and 2.
A typical external spectrum resulting from electron bombardment of solids is displayed in Figure 5 .2. Since it is not possible to distinguish between secondary electrons and primary electrons that have been slowed down, it is customary to divide the emitted electrons into two groups: those with energies less than 50 eV which are taken to be the true secondaries and those between 50 e V and the primary energy E which are the reflected (backscattered) electrons. The total yield of electrons with energies up to 50 eV is called 0 and that of the reflected electrons 1/. Of course, this arbitrary division does not reflect the origin of a particular electron, but it is convenient since the behavior of slow electrons in solids differs from that of electrons with energies above 50 eV. In contrast, for ion-induced electron emission all electrons are secondary particles. This fact makes the interpretation of ion-induced electron spectra simpler than electron-induced spectra.
The rapid development of ultrahigh vacuum (UHV) technique during the last twenty years has stimulated a renewed activity in studies of secondary electron emission from solids since the number and the corresponding energy distribution of electrons with energies below 10 eV depend critically on the surface conditions. Generally, only results obtained from clean surfaces prepared by ion sputtering or in-situ film deposition can be considered as reliable for these low energies. With increasing exit energies, the requirements for the experimental procedure become less critical, and for the highest exit energies considered (1 to 3 MeV), the surface preparation hardly plays any role.
In many cases, one may utilize the similarity between electron spectra induced by electrons and those induced by fast protons. Stages 2) and 3) do not depend on the type of primary particle, and for electrons as well as protons of high speed, several theoretical treatments (see Sections 2.6,2.7, and 2.8) predict that the cross section for ionization of the i'th subshell depends essentially only on the speed of the primary particle. Unfortunately, experimental data comparing spectra from electon and proton impact on solids are scarce. Examples are the energy spectra from polycrystalline niobium obtained for 3-keV electron and 400-keV proton impact by Musket (1975) as shown in Figure 5 .3. Even though the impact speeds are not the same, the spectra are indeed very similar. This similarity simplifies the discussion of external electron spectra at low ejection energies induced by electron bombardment, since there exists a large amount of high quality data on spectra obtained by fast protons.
Experimental Methods
The experimental methods that are applied to solid surfaces are, in many respects, similar to those for the gas phase. The angular resolved cross section is often measured with a spectrometer with the angle variable relative to the beam direction for backward as well as forward directions for thin film targets (Toburen, 1990; Combecher et al.,1978; Folkmann et al.,1975) .
A typical experimental arrangement for measuring do/dEl analogous to a{E) in gas phase experiments is shown in Figure 5 .4. Such a spherical setup is only feasible for bulk solids or thin films, since the target density has to be sufficiently high. This apparatus was used by Hasselkamp (1985) and Hasselkamp et al. (1981) to make a comprehensive series of measurements of secondary electron yields and backwardejected electron spectra. The chamber pressure was below 4 x 10~9 torr and the surface of the target was cleaned by sputtering prior to each measurement. By applying a positive voltage to the target, the targetcollector system could be operated as a concentric spherical analyzer in the retarding field mode. In this manner, the energy distribution of the emitted electrons induced by ion bombardment was determined for a variety of metals and for silicon (Hasselkamp, 1985; Hasselkamp et ai., 1987) . The total secondary electron yields were measured with this apparatus as well.
The first results from foil experiments performed in UHV were reported by Rothard et at. (1990) . These authors sputter-cleaned thin films with 800-keV Ar ions prior to the measurements. A typical result for ion bombardment is shown in Figure 5 .5. The spectrum in the forward direction «(} = 0°) is similar to those obtained for gas-phase measurements and exhibits a low-energy peak and a pronounced peak of convoy electrons, i.e., electrons with the same velocity as the projectile. This latter peak is absent at (} = 65°. Both peaks are sensitive to surface impurities. Roth- Fig. 5.3 . Energy spectra of electrons ejected into the backward hemisphere from solid niobium under bombardment by electrons (angle of incidence not specified) and protons with the angle of incidence 0=45° under UHV conditions (from Musket, 1975) . The energy distributions have been normalized at the peak maximum.
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Production of Free Internal Electrons
Differences between electron spectra from solids and gases occur at all stages of the electron emission process. The absorption of energy which eventually leads to free electron production depends strongly on the material (Inokuti, 1991) . The atomic and molecular properties of materials characterized by weak protons at perpendiCUlar incidence. A, low energy electron peak; B, Auger peak for Au; C, convoy peak; D, binary encounter shoulder (from Rothardetai., 1990).
interatomic van der Waal's forces differ little between gas and solid. The photoabsorption cross sections for these materials in the solid phase is similar to those in the gas phase (Sonntag, 1977) . Therefore, the production cross section for electrons in these solids should be similar to that in the gas phase. The reason is that the characteristic energies such as the ionization energy and dissociation energy for molecules are as much as two orders of magnitude or more larger than the cohesive energy in the solid. This is the case, e.g., for solid argon, nitrogen and oxygen.
By contrast, the electronic levels of metal atoms are much different for free atoms and for the solid consisting of the same atoms (see Figure 5 of Bichsel, 1993) . The outer shell electrons form the conduction band which consists of free electrons, whereas the more tightly bound electrons remain with the parent atoms. Consequently, the excitations are either delocalized single electron or resonant transitions of the free conduction electrons or localized ones of the deep levels of the atoms.
As an intermediate case, water, organic materials and other molecular solids exhibit largely localized excitations, but collective features have been observed (Isaacson, 1972; Inokuti, 1991) .
Dielectric Response Theory
For metals, one may describe the interaction between the primary particle and the free electrons in a metal by a free-electron-gas model. The interactions between the incident particle and the electrons of the medium are treated on the basis of dielectric response theory (Lindhard, 1954; Landau and Lifshitz, 1960; Jackson, 1975; Fano, 1963) . As a starting point consider the stopping power dE dx = -n f dEW(E) (5.1) rather than the production cross section 0\10). A uniformly moving particle with a point charge Zte and velocity D is exposed to a medium-dependent force (5.2) where the electric field W is taken at the particle position r = Dt. The analysis of forces is most conveniently performed by a Fourier transform in terms of the wavevector k of the electric field. The field is then determined by the Fourier components of angular frequency w = k . D, in a medium characterized macroscopically by a dielectric constant EL (Sigmund, 1975) . Hence, the resulting force is given by (5.4) where e L vac = 8.854 x 10-12 s 2 C 2 kg-1 m-3 is the absolute vacuum permittivity. Since F must be directed opposite to v and numerically equal to the stopping power, F must be real and (5.5) a result which was derived by Lindhard (1954) under more general assumptions. The result is based on perturbation theory in the sense that the reaction of the projectile on the field which it creates is neglected. Eq. 5.5 does not incorporate the rapid spatial variations of the field, but this shortcoming has been overcome by the introduction of a wavenumberdependent dielectric constant eL (k, w) .
Essentially, the complex dielectric constant, (5.6) enters into the stopping power via the quantity
(5.7)
This quantity represents the excitation cross section for the free-electron gas, which accounts roughly for the interaction between the primary and the conduction electrons. The integration in Eq. 5.5 has to be performed over a certain area in the wok plane which is equivalent to an integration with the dimensionless variables y = liw/E F and x = k/kF where EF is the Fermi energy and kF the Fermi wavevector. The area, for which ~ differs from zero, is limited by two parabolas and the x-axis (the hatched areas in Figure  5 .6). This corresponds to the single excitation regime of free electrons. The other important contribution from Eq. 5.7 to the stopping power comes from theyp curve for which er and ~ both are zero. This curve, which is determined by ~ (k,w) = 0, represents the collective excitations, the so-called plasmon contribution. At k = 0, w = Wph which is the well-known plasma frequency for an electron gas with a freeelectron density ne (5.8)
For low electron or ion velocities, only single electron excitations are produced, since conservation of energy and momentum limits the area of integration. With increasing particle speed, the line integral contributes substantially as indicated in Figure 5 .6. In the limit of high primary energy, the collective (plasmon) and single-electron excitations contribute equally to the stopping power (Lindhard and Winther, 1964) . The underlying excitation spectrum has been studied by a number of authors. Tung and Ritchie (1977) calculated the production spectrum for primary electrons of energy E for aluminum. The results shown in Figure 5 .7 demonstrate that all spectra exhibit a maximum value around the energy 3E F (measured from the bottom ofthe conduction band), where EF is the Fermi energy, and falls off as e-2 for high energy transfers corresponding to Rutherford scattering from electrons at rest. The peak around 3E F is caused by the large values ofthe excitation cross section close to the plasmon curve shown in Figure 5 .6. The production probability times the primary energy is described by the same curve except for the high-energy cut-off in the spectrum. Results for electron spectra have been obtained by Brice and Sigmund (1980) and RosIer and Brauer (1991) . Brice and Sigmund (1980) derived the analytical approximation for producing an excited electron with an absolute wavevector k 1 : Results for projectiles with speeds U much greater than UF were presented as well by these authors. Tung and Ritchie (1977) calculated the differential inverse mean free path for creating a plasmon from an energy loss hw by a primary electron with energy E. RosIer and Brauer (1991) evaluated the plasmon formation and subsequent electron excitation from plasmon decay. These authors included plasmon damping beyond the free-electron model. The production spectrum for electron excitation is shown in Figure 5 .8. For electron impact, the total contribution from plasmon decay decreases from 1 to 2 keV, whereas the shapes of the spectra are similar. For incident protons, the electron production has a maximum around 60 keV. The position.ofthe maximum is determined by the increasing contribution from the line integral and the over-all decreasing one from the plasmon production as a function of projectile energy. The distribution of energy from plasmon decay has a tail up to considerably higher energies for proton impact than that for primary electrons.
The dielectric treatment has been utilized also in theoretical studies and Monte Carlo calculations of different aspects of electron emission from solids (Ganachaud and Cailler, 1979a; 1979b; Cailler and Ganachaud, 1990; Bichsel, 1990b; Devooght et ai.,1987; Dubus et ai., 1993) .
Binary Encounter Theory
An alternative approach for electron collisions based on a binary encounter treatment for predicting internal spectra was originally made by Gryzinski (1965) and later improved by Shimizu and co-workers (Shimizu and Ichimura, 1983) . The production spectra for an electron from the i'th subshell with the o 5 10 15 20
El leV (5.10)
The full ionization cross section requires a summation over all subshells of the atom. Since this result is based on a classical treatment, it does not include any plasmon contribution. Therefore, the expression has been used primarily for solids with bound electrons or for the inner-shells in metal atoms. The binding energy of each shell is often treated as an adjustable parameter, which has led to an acceptable agreement for the integrated quantities such as the stopping power. In any case, the minimum requirement for consistency of these cross sections is that the corresponding integration of the production spectra gives the correct stopping power at high primary energies, i.e., Bethe's stopping power (see e.g., Shimizu and Ichimura, 1983; Valkealahti et ai.,1988; Cailler and Ganachaud, 1990; Schou, 1994) . Valkealahti et ai.
(1989) used a cut-off at a certain energy as an adjustment to the stopping power, and this procedure could be performed for conduction electrons as well with some success (See Section 5.8). However, these authors were primarily studying spatial deposition profiles of the kinetic energy of the slow electrons.
Charge-State Effects
A complicating feature for electron emission from solids induced by ions is the variety of charge states of the projectile that influence the secondary electron yield and the spectrum of secondaries. As soon as a beam of neutrals or charged ions penetrates into the solid, the average charge state changes toward the equilibrium charge state, which is determined by the instantaneous ion energy (Sigmund, 1975; Baragiola et ai., 1976; Betz et ai., 1988; Rothard, 1995) . This charge equilibrium distance may exceed several tens of nanometers. The yield increases gradually with film thickness until the electrons liberated deep below the surface do not reach the backward or forward surface. Since the typical escape depth for electrons is often less than the equilibrium distance for all materials except a few insulators, the internal secondaries that are eventually ejected are produced by ions which have not yet reached the equilibrium charge state. An example of the secondary electron yield from the backward side of a carbon foil is shown in Figure 5 .9 (Koschar et ai., 1989). The yield increases gradually with film thickness until the liberated electrons fail to reach the surface. The different branches pertinent to each charge state do not merge into one common curve, indicating that charge equilibration has not yet taken place. Similarly, the absolute magnitude of the electron spectra depends strongly on the charge state in the production process (see Section 4 and Sections 5.9 and 5.10). 
Migration of Liberated Electrons to the Surface
Electrons liberated by charged-particle interactions within a solid do not immediately escape from the point of production. Those with energies below 10 eV may be strongly scattered in collisions with core atoms or electrons or may even be absorbed in the solid. The behavior in the limit of low energies can be characterized as diffusion-like (Sigmund,1993) , but with increasing energy, the mean-free-path for collisions increases considerably. This means that the external energy 1'1 and angle 8 1 usually deviate from the values I' and 8 for the internal production processes. However, for thin-film targets, one may obtain spectra that resemble those from gas phase targets. The results from Toburen (1990) (see Section 5.9) indicate that the absolute magnitude of angular resolved spectra agrees satisfactorily for electron energies above 30 eV, but apparently only in the forward direction. Even at these high energies, there are strong deviations around Auger-electron levels and above.
At low energies, the internal motion is primarily determined by the band structure of the solid. Electrons liberated in a metal will be slowed down as a result of the interactions with the conduction electrons. The collisions between the liberated electrons and the core atoms lead to strong scattering. The frequent scattering of the migrating electrons from the core atoms and the conduction electrons makes the internal distribution of electrons isotropic (Schou, 1980; Sigmund and Tougaard, 1981, RosIer and Brauer, 1991) .
Knowledge of the low-energy stopping power for electrons is somewhat fragmentary (ICRU, 1984) . For nearly-free-electron metals, one can apply the calculations by Tung et ai. (1979) and Ashley et ai. (1979) based on dielectric theory for a free-electron gas. The dependence of the stopping power on the free electron density is shown in Schou (1988) . For low energies relative to the Fermi-energy level, the stopping power at the energy EO is proportional to (EO -E F )5/2 (Nieminen, 1988) . For noble and transition metals, the low-energy stopping power has been evaluated by Tunget ai. (1979) as well, but the overall accuracy is much more questionable than that for nearly-free-electron metals.
The scattering of slow electrons on core or neutral atoms in a solid has been treated by several authors. Even though the calculations have been performed almost exclusively for metals, the results give a general guideline. Because of quantum effects, the scattering has to be determined from the phase shift or similar methods (Ganachaud and Cailler, 1979a; 1979b; Shimizu and Ichimura, 1983; Valkealahti and Nieminen, 1984; Cailler and Ganachaud, 1990; De-vooght et al., 1991; RosIer and Brauer, 1991; Schou, 1994) . At energies below 100 eV the mean-free-path for an elastic collision in aluminum is less than 0.5 nm. This means that practically all slow electrons that reach and leave the surface have undergone a series of collisions.
The slowing-down of electrons in insulators is primarily characterized by the energy threshold for electron-electron interaction. Typically, there is an energy gap of a few eV between the valence electron levels and the empty conduction bands and excitonic levels in the energy gap somewhat below the bottom of the conduction band. Electrons with energies much higher than the energy gap are slowed down essentially as an electron in a metal. However, at electron energies close to the energy gap, statistical fluctuations strongly influence the slowing-down spectrum of electrons (lnokuti, 1975 and Kimura, et al., 1993) . For electron energies below the lowest excitonic levels, the stopping originates from the elastic interaction with the atoms alone. Eventually, the electrons may reach a thermal equilibrium energy in the meV range above the bottom of the conduction band determined by the phonon modes of the material. However, in most of the molecular materials there is a high trapping probability for slow electrons.
Since the slowing-down of the electrons is fairly inefficient, insulating materials exhibit escape depths greater than several tens of nanometers for secondary electron emission (Schou, 1993) . The stopping power for energies below the band gap has been evaluated in a few cases (Fano and Stephens, 1986; Knipp, 1988; Fano, 1988) . At these low energies, the electron is delocalized over several atoms, so that the electron interacts simultaneously with many atoms. A typical slowing-down rate is 10.to 1000 me V / nm, but consistent, systematic computations do not exist (Nieminen, 1988) . For molecular solids other processes, e.g., trapping, are dominant.
The behavior of slow electrons in molecular solids is of particular interest because these solids often retain most of their individual atomic and molecular properties. This means that comparisons with gasphase data are useful. The slow electron scattering processes may be described in terms of intermolecular resonant mechanisms and potential scattering (Sanche, 1990; 1991) . With this approach, it has been possible to explain structures in the energy dependence of the inelastic collision cross section by the formation of transient negative ions.
The formation of anions is one of several capture or excitation processes which a slow excess electron may undergo (Sanche et al., 1994) . The electron may not only be attached to a neutral molecule but may also be solvated in a molecular solid. Usually, this single electron trapping involves an energetic adjustment of the surrounding electron clouds to a stable configuration of the trapped electron. These trapping and polarization processes are typical for molecular solids and tend to limit the migration of mobile electrons.
Ejection from the Surface
With a few exceptions, all solids have a surface barrier that the electrons have to overcome during the ejection process. This is a typical effect for a condensed material. In metals, the height of the barrier U B is determined by the Fermi-energy EF and the work function lP, whereas for insulators, the corresponding quantity is the electron affinity E A , i.e., (5.11) and UB(insulator) = EA.
(5.12)
Schematic views of the energy barriers for metals and insulators are shown in Figure 5 .10. For clean metals, the work function varies between 4 and 6 eVexcept for the alkali metals which have lower values. The Fermi energy varies from about 1 eV for the heavy alkali metals to about 15 eV for aluminum and beryllium. For most insulators, EA is slightly less than 1 eV (Bader et al.,1984; Poole et al., 1975) .
Obviously, the surface barrier is so small that it only influences electrons of relatively low energy. The electrons are transmitted through the surface if the component of the kinetic energy associated with the component of velocity perpendicular to the surface exceeds the magnitude of the surface barrier:
( 5.13) where e 1 and eo are the angles the trajectory of the electron makes with the normal to the surface outside and inside the solid, respectively.
Primary Electrons: Low Energy Part of External Spectra
The purity of the surface mainly influences electrons with energies up to 10 eV. The spectrum from 10 eV to the arbitrary limit for low-energy electrons of 50 eV is essentially unaffected by the surface purity, but for energies below 10 eV only results from measurements performed in high vacuum with appro- priate cleaning procedures are useful. Results obtained during and after cleaning by ion-induced sputtering show how sensitive the absolute magnitude and shape of the spectrum are to impurities at the surface (Hasselkamp, 1985) . One expects that a contaminated surface leads to an enhanced secondary electron yield as well as to a narrowing of the low-energy peak because contaminants are likely to be oxides or other insulators. Figure 5 .11 shows representative examples of external theoretical and experimental electron spectra from aluminum for primary energies around 1 keY (Schou, 1994) . The experimental spectra have a most probable value in the range 1.5 to 1.9 eV, and falloff with increasing energy. The shape of the electron spectra reflects primarily the slowing-down of the internal secondaries by the electron-electron interaction and the surface barrier. The presence of a barrier results in an energy distribution which goes to zero with decreasing external energy EI ' The position of the peak maximum is, therefore, determined from one side by the magnitude of the barrier and from the other side by the energy loss rate of the migrating electrons.
An approximate guideline for the prediction of electron spectra is given in the theoretical treatments by Schou (1980) and Devooght et ai. (1987) . The internal flux that arrives at the surface is given by (1991), Dubus e/ al. (1987) and Schou (1980) . Experimental curves, E= 1 keY, Everhart et al. (1976) ; E=0.8 keY, Roptin (1975). where c is a constant that depends, for example, on the primary energy E. The quantity dEo / dx is the stopping power for low-energy electrons with kinetic energy EO in the solid. Equation 5.14 is derived under the assumption that the low energy electrons are produced from cascade processes rather than by direct ionization by the primary particle. The emitted spectrum is modified by the surface barrier as given by do CIEI dEl E~dEo/dx (5.15) (Schou, 1988) . A detailed prediction requires knowledge of the low-energy stopping power dEo /dx (see Section 5.4).
A comparison between the energy spectrum in Eq. 5.15 and the production spectrum in Figure 5 .3 shows that both curves have a maximum and decrease as E02 for energies close to 50 eV (since the low-energy stopping power for aluminum is practically proportional to EO between 20 and 50 eV). However, the peak in the production spectrum is much sharper than that from the external spectrum, and any similarity between the external spectrum and the production spectrum is accidental rather than fundamental.
Experimental spectra from well-characterized surfaces are available primarily for aluminum (Everhart et al., 1976; Roptin, 1975; Bindi et al., 1979) . For silver surfaces, spectra have been measured by Bindi et al. (1979) and Roptin (1975) , and for copper by Bindi et al. (1979) . The results of Bindi et al. (1979) indicate that the most probable value is somewhat below Roptin's results and those obtained by proton bombardment from Hasselkamp et al . (1987) .
A series of spectra measured by Roptin for aluminum shows that the shape is comparatively insensitive to variations of the primary energy. The position of the maximum varies very little from E = 0.5 to 1.5 keY, whereas the maximum shifts to a value twice as great as the energy is decreased from 500 to 100 eV. Even in this energy interval, no considerable change of the shape takes place. This tendency is supported by the theoretical treatments of Schou (1988) and of Devooght et al. (1987) . In both cases, the expression for the energy distribution can be written as a function that depends only on material properties such as the low-energy electron stopping power and the surface barrier but not on the primary electron energy to a first approximation. Jahrreiss and Oppel (1972) measured the angular distribution ofthe secondary electron coefficient from gold films. For perpendicular incidence, the angular distribution is virtually a cosine function in the forward as well as the backward direction.
An interesting feature is the contribution of electrons generated by volume plasmon decay in aluminum and magnesium. The shoulder shown at about II eV in Figure 5 .ll originates from the decay of plasmons. The contribution of surface plasmons to the spectra has recently been included in a Monte Carlo code by Cailler and Ganachaud (1990) . The treatment by RosIer and Brauer (1988) demonstrates that the contribution to the spectrum from aluminum induced by 2-keV electrons is composed of almost equal parts from i) free electron excitation, ii) excitation of core electrons, and iii) decay of plasmons.
For primary electrons, a complicating aspect is the contribution of the backscattered electrons to the secondary electron spectra (Schou, 1988) . The secondaries that are generated in the outermost layers by these backscattered electrons constitute a considerable fraction of the total yield. The reason is that the cross section for ionization or excitation is much larger for relatively slow backscattered electrons than for primaries in the keY range. The contribution from the backscattered electrons is generated by fast electrons at all energies between 50 eV and the primary energy E and in all backward directions. This feature is difficult to incorporate directly in a theoretical treatment. In Schou's treatment (1980) this problem has been solved by utilizing the known spatial distributions for deposited energy (Schou, 1988) .
A number of additional theories have appeared in the literature (Bindi et al., 1980; Dubus et al., 1987; 1993) . Many of them are based on transport equations from which the spectra and the yields have to be evaluated numerically. The dependence on the important physical parameters is, therefore, partly hidden. Monte Carlo calculations are available as well (Cailler and Ganachaud, 1990; Kotera et al., 1990; Luo and Joy, 1990) .
The starting point for any prediction of the magnitude or shape of an external electro)J. spectrum should be an experimentally measured spectrum, if one exists. If no measurements are available, one may, as a good approximation for primary energies in the keY region, use spectra from proton bombardment. One may utilize the similarity of the spectra to obtain the approximate shape of the energy distribution at the primary energy desired. The absolute magnitude can be determined by integration over all exit energies, and the distribution may then be normalized to the secondary electron yield if it is known. If one wants to extrapolate the spectra to higher emission energies ( < 50 eV), one may attempt to fit a spectrum to Eqs. 5.14 or 5.15. For transition and noble metals, one may use EF as an adjustable parameter (see the next Section).
Light Ions: Low Energy Part of External Spectra
The status of knowledge of electron spectra from light-ion bombardment may be regarded as good. The majority of the spectra originate from the work by Hasselkamp and coauthors. Spectra have been measured from many elements treated by sputter cleaning immediately before the bombardment by protons and light noble gas ions (Hasselkamp, 1985) .
A number of spectra from proton-bombarded gold are shown in Figure 5 .12 from Hasselkamp et al. (1987) . One notes that the spectra are similar to those with incident electrons. There is a pronounced peak at a few eV originating from slow internal secondaries of first or higher generations. (Note that the peak is not seen in the figure. ) With increasing energy the spectrum varies as E 1 n , where n lies between 1.5 and 3. In contrast to electron bombardment, there is no contribution to the spectrum or to the secondary electron yield from backscattered primaries except at proton energies around or below a few keY. This fact simplifies the interpretation of the measured spectra considerably. As for electron-induced spectra, the spectral distribution from protons is practically unchanged as the proton energy is varied from 70 to 800 keY. This similarity has been demonstrated by Hasselkamp (1985) and by Hasselkamp et al. (1987) . The protoninduced yield has been measured by Hasselkamp (1985) ; he finds that the absolute magnitude depends on the primary energy as for spectra from electron bombardment.
The shape of the spectrum generally differs from one element to another. The position of the lowenergy peak in the spectrum varies from 1.8 eV for silicon up to 3.6 eV for niobium, whereas the full width at half maximum varies from 6.0 eV for magnesium to 11.8 eV for titanium (Hasselkamp et al., 1987) .
Measurements by Drexler (1994) show that there are substantial deviations from a cosine distribution of electrons from proton-bombarded carbon foils. The foils were sputter-cleaned and the measurements performed under UHV conditions. The doubly differential electron yield for 0.5-MeV protons is shown in Figure 5 .13. The curves are similar from 20 eV up to 200 eVexcept for the absolute magnitude. The spectra of electrons emitted in the backward direction follow a cosine distribution as a function of the exit angle (measured from the normal) for exit energies above 5 eV. Below 20 eV the spectra exhibit surprising differences and there seems to be a tendency for the position of the maximum of the low-energy electron yield to increase from a few eV to almost 10 eV with increasing ejection angle.
A direct prediction of the shape of the electron spectrum is given by Schou (1980) . The energy distribution is given by Eq. 5.15, but the constant Cl depends, as mentioned, on the material, primary energy and type of projectile. Using the low-energy electron stopping power from Tung et al. (1979) , Fig. 5 .13. Double differential spectra in the forward as well as the backward direction from a 5 J.1.g/cm 2 thick, sputter-cleaned carbon foil under UHV conditions bombarded by 500 keV protons at perpemlicular incidence (from Drexler and Dubois, 1995) .
Hasselkamp evaluated the theoretical spectrum for 400-keV protons incident on gold ( Figure 5.14) . It turned out that the choice for the magnitude of the surface barrier that led to the best agreement was U B = 14.1 eV. The absolute magnitude of the theoretical curve was adjusted in such a way that the integral over the theoretical curve gave the experimentally determined yield. The agreement is satisfactory up to about 30 eV, but the theoretical curve underestimates the measured values considerably at higher energies. Since the low-energy electron stopping power for materials other than the nearly-free-electron metals are much less reliable, the estimate shown in Figure 5 .14 demonstrates the present achievable accuracy of the theoretical prediction.
The energy distributions from the nearly-freeelectron metals induced by ions show a shoulder that apparently originates from plasmon decay (Hasselkamp et al., 1987) . The position of the shoulder agrees well with the expected energy (5.16) where IiWpI is the plasmon energy, 15.7 eV for aluminum and 10.9 eV for magnesium. Until now, the plasmon contribution has been observed in the total energy distribution only for these two materials. No indications of plasmon decay was seen for beryllium, which has been comprehensively investigated by Hasselkamp (1985) as well.
The interpretation of the experimental data. is strongly corroborated by the theoretical treatment by RosIer and Brauer (1991) . Up to one-third of the total yield originates from plasmon decay at proton energies above 50 keY. For magnesium, RosIer's (1994) (Fig. 5.12 ) and the corresponding theoretical spectrum, Eq. 5.15, from Schou (1980) with UB adjusted to the best agreement (U B -14.1 eV), from Hasselkamp (1985) . treatment showed that the energy of the plasmon shoulder shifted to lower energies with increasing primary energy. This trend agrees with the data obtained by Hasselkamp (1985) .
Generally, these features occur in the energy distribution only for nearly-free-electron metals. The reason is obviously that the electron density must not exhibit large variations throughout the volume occupied by the electrons, since the density determines the plasmon energy (Eq. 5.8). Noble and transition metals have a spatially varying density which leads to a smearing-out of the significant structures.
In energy spectra at a fixed exit angle, plasmon decay structures have been observed from thin carbon and copper foils as well (Burkhard et al.,1988) . However, the features were not visible without a sputter-cleaning procedure. In both cases, the structures were most pronounced at an angle of emission between 70 0 and 100 0 with respect to the forward direction.
Primary Electrons: High Energy Part of External Spectra
The available data cover the primary energy range from 1 keY to 3.3 MeV. Such a wide energy range requires experimental procedures which vary considerably throughout the interval. For energies below 5 keY the energy spectra (and the yield) of reflected electrons depend strongly on the purity of the surface. Consequently, a large amount of data obtained at low primary energies more than thirty years ago cannot be utilized, unless they agree satisfactorily with recent ones.
As a rule of thumb, the reflected electrons originate from depths up to one-half of the penetration depth in the solid. At the lowest energies (around 1 keY) the possible layers of contamination, therefore, play a relatively large role in the reflection of electrons. In contrast, at the high energies (around 1 MeV) the impurity layers constitute a very small fraction of the penetration depth, so that UHV conditions are less important.
The experimental results for 20-keV incident electrons by Matsukawa et al. (1974) shown in Figure  5 .15 are an example of directly obtained external energy distributions. The spectra from the lighter elements differ considerably from those of heavier elements. For carbon, the spectrum is almost flat, whereas it peaks strongly close to the primary energy for gold. This means that there is a large contribution from the outermost layers in gold because of the large cross section for scattering for high atomic numbers (Ichimura and Shimizu, 1981) , so that the scattered electrons have lost relatively little energy before ejection. For elements of low atomic numbers, there is a significant contribution to the number of re-~ flected electrons from large-angle scattering events. This leads to a flat spectrum, since the electrons may penetrate more deeply into the material before being backscattered, thereby losing more energy. In fact, this single scattering model (Everhart, 1960) could explain some features for energies below 10 keVand for light materials, but the reflection coefficient comes out a factor of two too small since multiple scattering is neglected. The shape of the energy spectrum is characteristic of each element, but it varies only slightly with incident energy, as long as the spectrum is normalized to the primary energy E and the axes are in E) / E units. At higher energies, the peaks for materials of high atomic numbers move to lower energies (Matsukawa et al., 1974) .
The angular distribution of the yield of electrons, 1], has been measured by Bronshtein et at. (1972) and Jahrreiss and Oppel (1972) . Jahrreiss and Oppel found that the distribution may be well approximated with a cosine function for energies above 4 keY. Below this energy deviations from the cosine distribution occur predominantly for high Zz materials. Recently Massoumi et al. (1993) found a cosine distribution for 35-keV electrons as well.
An important series of measurements of electron spectra from a carbon foil was carried out by Combecher et al . (1978) . These authors recorded angularresolved electron spectra from two foils in the forward as well as the backward direction induced by l-keV electron bombardment (Figure 5.16 ). Unfortu-...... nately, the spectra were not obtained under UHV conditions, but the results are valuable because of the similarity between carbon foils and organic material. The precise thickness of the foils could not be deter-mined, but the results match calculations for water foils of about 30 nm. The results obtained at low energies depend in any case on the surface contaminants which may be carbon as well. Above 50 eV the spectra are relatively flat except in the forward beam direction. In this direction, there is a pronounced minimum at around 300 eV and a peak close to 1 keY. These spectra were converted to internal distributions by the authors. Another important feature is that the angular distribution of the internal electrons appears to be practically isotropic.
There exist other data for the total external energy distribution between 10 and 70 keY. The spectra obtained by Kulenkampff and Spyra (1954) agree fairly well with those of Matsukawa et al. (1974) . Darlington's spectra (1975) have been obtained by integration over spectra at specific scattering angles under several assumptions. The most probable value appears to lie too close to the primary energy compared to that from Matsukawa et al. (1974) . The measurements by Kanter (1957) and Kulenkampff and Riittiger (1954) for specific exit angles show essentially the sanie trends as those by Matsukawa et al. (1974) .
Below 5 keY the experimental determination of the electron spectra becomes increasingly difficult. Even a small amount of impurities at the surface may change the shape of the distribution. Usually target contamination on heavy targets reduces the total number of reflected electrons as well, since impurities generally contain carbon atoms, which have a relatively low scattering cross section. The analysis must be based on results from Monte Carlo codes, which can be tested against experimental quantities that have been obtained for well-controlled surfaces.
A simulation of an external spectrum of reflected electrons from gold bombarded by 2-keV electrons at normal incidence is shown in Figure 5 .17. There is a peak at very low energies which is due to the true secondary electrons and another at the incident energy which is due to scattered primaries. In this simulation, one can distinguish between true secondary electrons and primary electrons which have lost most of their energy in the collisions. Even though it is not experimentally possible to distinguish them, the figure shows that any calculation that does not include the generation of secondary electrons will have the wrong trend at low energies.
The code by Valkealahti and co-authors was developed for all elements and checked against results of reflection coefficients, thin-film transmission coefficients and spatial energy distribution curves, wherever these were available. The spectrum of Figure  5 .17 was obtained with internal parameters that lead to convincing agreement with experimental data for the reflection coefficient for gold (Valkealahti et al., 1988) . The model was based on i) a modified Gryzin- ski cross section for the electron-electron interaction and for the generation of secondaries, ii) a cross section for scattering on the core atoms derived from a partial wave expansion along the lines given by Ichimura and Shimizu (1981) , and a cut-off for the bookkeeping of the electrons at 10 eV. It turned out that the code reproduced the experimental reflection coefficient only for a Gryzinski stopping power adjusted to the Bethe value at 10 keY (Valkealahti et al., 1988) . On the other hand, this adjustment meant that the stopping power agreed fairly well with that of Tung et al. (1979) down to a few hundred eV. Figure 5 .18 shows spectra fot aluminum bombarded by 1.5-and 3-keV electrons from the Monte Carlo code developed by Shimizu and Ichimura (1983) . From this figure one immediately recognizes the importance of the true secondaries as well. The peak close to the primary energy is less distinct for aluminum than for gold. The results from the code were tested against experimental E d 1) / dEl spectra and reflection coefficients from well-characterized aluminum surfaces. The code is based on i) a cross section for scattering on the core atoms from a partial-wave expansion, ii) Streitwolfs excitation function for conduction electrons (Streitwolf, 1959) , iii) excitation cross sections for inner-shell electrons from Gryzinski's treatment, iv) energy loss to bulk plasmon generation according to Quinn's derivation (Quinn, 1962) and v) a cut-off for the bookkeeping at 100 eV. The total stopping power derived from these mechanisms is somewhat larger than that from Ashley et al. (1979) , but the reflection coefficients from the code agree well with the experimental values. The computations by these authors confirm that the angular distribution of the reflected electrons is a cosine function for perpendicular incidence of 1.5-and 3-keV electrons. At oblique angles of incidence there is a significant component of electrons scattered specularly. This Monte Carlo code was recently modified by Ding and Shimizu (1988) to include copper, silicon, and gold as well. These authors presented energy spectra from these materials induced by bombardment of3-keV electrons. However, the total reflection coefficient, 1), is considerably higher than those obtained experimentally.
An interesting feature is the strong no-loss peak which emerges from spectra for both primary energies. At the highest energies, the relative fraction of high-energy reflected electrons is enhanced.
At high electron energies, trends similar to those observed for elements of different atomic numbers by Matsukawa et al. (1974) are present in the spectra (Figure 5.19) . These energy spectra from Rester and Derrickson (1970) for a few exit angles for copper and lead. There is a considerable shift in the most probable energy to lower energies from 1. 75 to 3.2 MeV (Figure 5.20) . The shape of the distributions for different materials scales with Z2/ E (Frank, 1959; Harder, 1969) . The general tendency of the shape of the energy spectrum to change very little with primary energy is confirmed by Monte Carlo codes as well as theoretical studies_ The important quantity is the ratio of the ejection energy El to the primary energy E. This is predicted by Tilinin's treatment (1982) as well. Secondary electron energy distributions for primary energies ranging from 1 keV up to several MeV may be calculated by scaling from the general shapes exhibited by the curves shown here. The scaling is done by plotting the cross section us. El / E.
Light Ions: High Energy Part of External Spectra
Several measurements of the high-energy part of the ion-induced electron spectra exist but most involve studies on foils in vacuums which were not sufficient to maintain clean surfaces. As discussed in Sections 5.2 and 5.5, the contaminants primarily influence the low-energy peak and to a certain degree the convoy peak. (Figure 5 .5). The only existing example of cross sections measured for the gas phase as well as two carbon foils in the same apparatus is shown in Figure 5 .21. Unfortunately, the measurements were not carried out under UHV conditions. Nevertheless, the results indicate that the angular and energy spectra for the gas phase and the foils are fairly similar. Since the curves show the cross section per electron in the gas or foil target, the cross sections are directly comparable. Most of the liberated slow electrons are absorbed in the thickest foil and both sets of foil data tend to merge with the gas spectra as the exit energy increases. Higher-energy electrons have a greater range, and therefore, a greater probability of leaving the solid than slower ones. The characteristic Auger peaks are less pronounced in the foil than in the gas results. At energies above the Auger peak the cross section for ejection of electrons is greater than that for the gas. The reason is that high-energy electrons originally produced within the foil can be scattered and detected in the spectra at larger angles.
Measurements by Folkmann et ai. (1975) of the energy spectra of electrons exiting from a carbon foil at a fixed angle of 42.3° with respect to the beam direction show features similar to those observed by Toburen (1990) and Rothard et ai. (1990) . Folkmann et ai. irradiated the carbon foil with 0.5-MeV/u H+ and Ne+ 2 ions but the data were not obtained under UHV conditions. Toburen (1990) has pointed out that the curves for these two ions could be normalized to each other at 800 eV. This normalization is consistent with the finding of the authors that the integrated energy distribution scales with the square of the net charge q of the primary ion. The yield for low exit energies, for which distant collisions are dominant, is higher for protons. The screening of the projectile electrons reduces the number of ionizations at these collisions.
Alkemade et ai. (1990) measured energy spectra at a fixed exit angle from an aluminum crystal under UHV conditions. These measurements included spectra induced by channeled ions as well.
Heavy Ions: External Spectra
The energy spectra produced by singly charged heavy ions are similar in many respects to those induced by light ions (Hasselkamp, 1985; 1991; Hofer, 1990) . At low ejection energies, the shape is also sensitive to contaminants as described in Sections 5.6 and 5.7. The spectra taken with keV ions show the broadening of the low energy peak compared with incident protons and the increasing full width at half maximum with energy observed in the accessible range of data up to 1 MeV (Hasselkamp, 1991) . The angular distribution of the low-energy electron yield induced by 40-keV Ar+ ions was found to be approximated well by a cosine function (Mischler et ai., 1984) .
At speeds below the Bohr speed VQ, the liberation of electrons takes place via electron promotion processes (see Section 4.2.3) in solids as well as in gases. The incident heavy atom and a target atom form a temporary molecule, which eventually may lead to electron ejection from one or more highly excited states. In principle, this process is analogous to that in the gas phase described in Section 4, but the single-electron excitations from the conduction band make the analysis fairly complex (Sroubek and Falcone, 1993) . These authors calculated the internal spectrum for aluminum ions incident on aluminum.
Energy spectra and electron emission induced by fast heavy ions have been reviewed by Rothard (1995) . Multicharged ions above 100 MeV were studied by Schiwietz et ai. (1990) and Schiwietz (1993) . Typically, electrons ejected from carbon foils were detected up to several keV for a variety of ejection angles. The primary particles were partially stripped Ne and U ions incident on foils of thicknesses from 20 to 100 J.Lg/cm 2 . Examples of the experimental results are shown in Figure 5 in the gas phase (Section 4) . In the forward direction, there is a pronounced peak of convoy electrons. In the other directions, the differential yield from the lowenergy peak decreases approximately as E12 below the Auger peak around 270 eV. At even higher energies there is a shoulder from binary encounter collisions. Above the shoulder, the intensity falls off precipitously.
The spectra have been described by a transport model developed by Schiwietz et ai. (1988; 1990) and Schiwietz (1993) . In the description, the energy loss and angular scattering were separated. The production of free target electrons was modeled by semiempirical atomic cross sections and the transport to the surface by the separation procedure. Also, the shift of energy levels and plasmon excitation were incorporated in the model. The theoretical results agree well with the experimental data for backward directions and energies above 4 keV. For slow elec-trons ejected at large forward angles, there are discrepancies between experimental and theoretical results that exceed a factor of six. These discrepancies can be traced to the neglect of those trajectories that are parallel to the surface.
The total yield from both sides of the foil is about 2500 electrons/ion at these high energies (> 4 MeV / u). The forward ejection yield exceeds the backward yield by more than a factor of two and approximately one-third ofthe electrons have energies above 100 eV. This contrasts with the symmetric case, which has been studied at lower energies (1 MeV /u) by Rothard et ai. (1992) and Hasselkamp (1991) . At these energies, the low-energy peak is dominant.
Recently, heavy cluster ions have been utilized to study secondary electron production from clean surfaces. These studies include total yields and emission statistics, but no spectra are available (Toglhofer et ai., 1993a; 1993b) .
